Non-reciprocal Components Based on Switched Transmission Lines by Nagulu, Aravind et al.
1Non-reciprocal Components Based on Switched Transmission Lines
Aravind Nagulu, Tolga Dinc, Zhicheng Xiao, Mykhailo Tymchenko, Dimitrios Sounas, Andrea Alu`, and Harish
Krishnaswamy
Abstract—Non-reciprocal components, such as isolators
and circulators, are critical to wireless communication and
radar applications. Traditionally, non-reciprocal components
have been implemented using ferrite materials, which exhibit
non-reciprocity under the influence of an external magnetic
field. However, ferrite materials cannot be integrated into IC
fabrication processes, and consequently are bulky and expensive.
In the recent past, there has been strong interest in achieving
non-reciprocity in a non-magnetic IC-compatible fashion using
spatio-temporal modulation. In this paper, we present a general
approach to non-reciprocity based on switched transmission
lines. Switched transmission lines enable broadband, lossless and
compact non-reciprocity, and a wide range of non-reciprocal
functionalities, including non-reciprocal phase shifters,
ultra-broadband gyrators and isolators, frequency-conversion
isolators, and high-linearity/high-frequency/ultra-broadband
circulators. We present a detailed theoretical analysis of the
various non-idealities that impact insertion loss and provide
design guidelines. The theory is validated by experimental
results from discrete-component-based gyrators and isolators,
and a 25 GHz circulator fabricated in 45 nm SOI CMOS
technology.
Index Terms—Isolators, gyrators, circulators, non-reciprocity,
full-duplex, radars, CMOS, millimeter-wave passive components,
linear periodically time-varying (LPTV) circuits, UWB circuit
techniques, ultra-wide-band communication (UWB).
I. INTRODUCTION
Non-reciprocal components, such as gyrators, isolators,
and circulators, have numerous applications in the fields
of wireless communication and radar. Frequency-modulated
continuous-wave (FMCW) radars typically operate in
simultaneous-transmit-and-receive (STAR) mode, and a
circulator is critical to enable the transmitter and the receiver
to share the same antenna and avoid saturation of the receiver.
Full-duplex wireless is an emerging wireless communication
paradigm which has drawn significant research interest in
recent years [1]–[9] due to its potential to double the
spectral efficiency in the physical layer and offer numerous
other benefits in higher layers. Unlike traditionally-used
time-division or frequency-division duplexing schemes, in
full-duplex wireless, the transmitter and the receiver operate
at the same time and at the same frequency. Once again, the
circulator is critical in allowing the the transmitter and the
receiver to share the same antenna. Isolators are commonly
used to protect power amplifiers from reflections at the
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antenna interface. The gyrator was postulated by Tellegen as
the fifth linear circuit element after the resistor, capacitor,
inductor and transformer [10], providing a non-reciprocal
phase equal to pi, and is a basic non-reciprocal element
which can be used to realize arbitrary passive non-reciprocal
circuits [11], [12].
Lorentz Reciprocity states that any linear and time-invariant
medium with symmetric permittivity and permeability tensors
is reciprocal. Historically, reciprocity has been broken
by biasing magnetic (ferrite) materials using permanent
magnets [13], [14]. However, magnetic materials are
incompatible with IC fabrication technology, and therefore
magnetic non-reciprocal components tend to be bulky
and expensive. IC-compatible circulators have been
proposed using the inherent non-reciprocal behavior of
active voltage-/current-biased transistors [15]–[18]. However,
active non-reciprocal components are severely limited by
the linearity and noise performance of the active transistors,
and are therefore not suitable for wireless applications
which demand stringent performance on those fronts [19].
Nonlinearity can be used to violate reciprocity, and has been
extensively studied in the optical domain [20]–[23], but these
techniques have limited utility in wireless communication
applications due to their stringent linearity constraints.
Recently, exciting research efforts have been made to break
reciprocity using spatio-temporal modulation [24]–[27], with
permittivity being the material parameter that is modulated.
In [24], a transmission line is periodically loaded with
varactors, and a traveling-wave modulates the varactors along
the line. The unidirectional modulation signal imparts a
direction-dependent frequency conversion to the input signal
as it travels along the line. Thus, forward and reverse traveling
signals are separated in frequency, and can be isolated from
each other using a frequency diplexer. In this structure,
the length of the transmission line required is inversely
proportional to the modulation contrast. In general, however,
permittivity modulation is weak, with varactors exhibiting
a typical Cmax/Cmin ratio of 2-4 on chip. As a result, a
large form-factor is required to achieve strong non-reciprocity.
Furthermore, varactors exhibit very poor quality factor as
the operation frequency is increased to millimeter-wave
frequencies, resulting in higher insertion loss. In [25], [26],
it was demonstrated that traveling-wave modulation in a
resonant ring results in angular momentum biasing and strong
non-reciprocity without frequency conversion. The ring can
be miniaturized using lumped components, but this degrades
the operating bandwidth. Most importantly, as before, the
limitations of permittivity modulation using varactors, namely
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2limited modulation contrast and the degradation of the quality
factor as frequency increases, remain.
On the other hand, conductivity can be very efficiently
and strongly modulated in semiconductor media, with CMOS
transistors exhibiting ON/OFF condutance ratios as high as
103 - 105 [28]. It has been shown that by modulating the
conductivity, i.e. switching transistors, on either side of a
delay medium, extremely strong, low-loss, and broadband
non-reciprocity can be achieved within a small form factor
[29]–[34]. The first demonstration involved staggered (i.e.,
phase-shifted) switching of transistors across a capacitor bank
(commonly called an N-path filter [35], [36]) [29]. The
phase-shifted N-path filter realizes an electrically-infinitesimal
gyrator, which was then embedded within a ring to realize
a compact circulator. The placement within the ring was
further optimized to suppress the voltage swing at the gyrator
for transmitter-port excitations, enhancing the linearity and
power handling. However, this approach suffers from low
bandwidth because the capacitors do not provide a true time
delay. In addition to this, N-path filters are not realizable at
millimeter-wave frequencies due to their stringent clocking
requirements, as they require multiple phases of a clock at the
frequency of operation. When the delay medium is replaced
by a transmission line of appropriate length, non-reciprocity
can be observed over much wider bandwidths. In addition
to this, the modulation frequency can be greatly reduced
relative to the operating frequency [30], [31]. These concepts
were leveraged to realize the first millimeter-wave (25 GHz)
passive non-magnetic circulator in CMOS technology in [30],
[31]. Similar concepts were used in [32] to demonstrate
an ultra-broadband circulator operating from 200 KHz to
200 MHz using discrete switches and co-axial cable delays,
and in [33] to implement a 0.2µm GaN HEMT MMIC
circulator operating up to 1GHz.
This paper presents an exhaustive set of
various non-reciprocal structures possible by using
spatio-temporal conductivity-modulation across
transmission line delays, including an arbitrary
phase-non-reciprocal element, an ultra-broadband gyrator, a
frequency-conversion isolator, an ultra-broadband isolator,
and ultra-broadband/high-linearity/high-frequency circulators.
A detailed analysis for estimating the transmission losses is
presented, along with results from a 25 GHz 45 nm SOI
CMOS circulator prototype as a case study. This analysis
can aid in choosing between different implementation
technologies, fabrication processes, and non-reciprocal
element topologies, and in performance optimization during
the design phase. The rest of the paper is organized as
follows. Section II discusses various phase-non-reciprocal
configurations. Section III discusses various isolator and
circulator topologies. Section IV contains a detailed analysis
for estimating losses. Section V considers case studies
implemented using discrete switches and co-axial cables,
while Section VI details the 25 GHz 45 nm SOI CMOS
circulator case study. Section VII concludes the paper.
Fig. 1. Single-ended phase-non-reciprocal element: (a) circuit diagram and
operation, and (b) fundamental-to-fundamental scattering parameters for fm
= 8.33 GHz.
II. PHASE NON-RECIPROCITY
A. Single-ended Phase-Non-Reciprocal Element
Fig. 1(a) depicts the circuit diagram and the operation of
a single-ended phase-non-reciprocal element. It consists of
a transmission-line segment whose characteristic impedance
is equal to the port impedance and is sandwiched between
two switches which are modulated using signals LO1(t) and
LO2(t). The switches toggle between zero resistance (ON
state) and infinite resistance (OFF state) when their modulation
signals change between high and low values (1 and 0),
respectively. The modulation signals LO1(t) and LO2(t) are
50% duty cycle square-wave signals with a period of Tm.
The modulation signal of the right-hand-side switch, LO2(t),
is delayed with respect to that of the left-hand-side switch,
LO1(t), by Tm/4, which is also the propagation delay of the
transmission line.
The operation of this structure can be explained using
time-domain analysis. For signals travelling from left to right,
any arbitrary signal incident at port 1 when LO1(t) is high
will be transmitted to port 2 in one pass, experiencing a delay
of Tm/4 because the propagation delay of the transmission
line is equal to the delay between the modulation signals. The
signal incident at port 1 gets reflected when LO1(t) is low.
3However, for signals travelling from right to left, the signal
incident at port 2 when LO2(t) is high will be transmitted
to port 1 after three passes, experiencing a delay of 3Tm/4,
because at the end of the first two passes, the signal sees an
open termination due to an OFF state switch and experiences
a total reflection. When LO2(t) is low, the signal incident at
port 2 gets reflected. As a result of the additional reflections for
incident signals from port 2 compared to port 1, the structure
exhibits a different phase response for the signals travelling
from left to right and right to left, making the structure
non-reciprocal in phase. The behavior of the structure can be
expressed in the time domain as
v−1 (t) = v
+
1 (t) (1− LO1 (t)) + v+2
(
t− 3Tm4
)
LO2
(
t− 3Tm4
)
,
(1)
v−2 (t) = v
+
1
(
t− Tm4
)
LO1
(
t− Tm4
)
+ v+2 (t) (1− LO2 (t)).
(2)
In general, LPTV circuits are represented using harmonic
transfer functions (HTFs) which capture frequency conversion
effects [37], [38]. For simplicity, here we only show the
fundamental-to-fundamental S-parameter matrix by taking
Fourier transform of the time-domain equations:
S =
(
1
2
1
2e
−jω 3Tm4
1
2e
−jω Tm4 1
2
)
. (3)
One-fourth of the power incident into the port is
transmitted to the other port, one-fourth of the power is
reflected due to imperfect matching, and the remaining
half is converted to other frequencies (i.e., intermodulation
products) due to the switching action. Fig. 1(b) shows the
fundamental-to-fundamental S parameters around 25 GHz for
fm=8.33 GHz.
B. Balanced Configuration: Arbitrary Phase-Non-Reciprocal
Element
Harmonic conversion and the effect of imperfect matching
of the single-ended phase-non-reciprocal element can be easily
overcome by adding another parallel branch switched with
complementary clocks LO1(t) and LO2(t), as shown in Fig.
2(a). The incident signal at port 1 (port 2) travels through the
first transmission line when LO1(t) (LO2(t)) is high, and the
second when LO1(t) (LO2(t)) is low, making the structure
completely matched with lossless transmission. The behavior
of the structure can be expressed in the time domain as
v−1 (t) = v
+
2
(
t− 3Tm
4
)
, (4)
v−2 (t) = v
+
1
(
t− Tm
4
)
. (5)
By taking Fourier transform of the time-domain equations, the
S-parameter matrix can be calculated as
S =
(
0 e−jω
3Tm
4
e−jω
Tm
4 0
)
. (6)
Fig. 2. Balanced arbitrary phase-non-reciprocal element: (a) circuit diagram
and operation, and (b) scattering parameters for fm = 8.33 GHz.
Interestingly, in this balanced configuration, intermodulation
products generated in the first path and the second path will
have opposite phase and cancel each other. Therefore, while
the structure is internally linear and periodically-time-varying
(LPTV), at its ports, it features no frequency conversion and
appears linear and time-invariant (LTI).
At the odd multiples of the modulation frequency, ω =
(2n+1)ωm, where ωm = 2pi/Tm and n=0,1,2,3..., the phases
from left to right and right to left are −(2n + 1)pi/2 and
−3(2n+1)pi/2 respectively. In this case, the structure behaves
as a gyrator, providing a non-reciprocal phase equal to pi [10].
Fig. 2(b) shows the S parameters around a gyration frequency
of 25 GHz for fm=8.33 GHz. In addition to this, at any
given input frequency, a value of the modulation frequency ωm
can be chosen to realize a non-reciprocal phase difference of
arbitrary value, ∆Φ = pi (ω/ωm). Of course, reconfiguring the
value of this non-reciprocal phase shift after implementation
requires reconfiguring the transmission line so that its delay
matches the modulation frequency change.
While ideally lossless, in practice, the transmission loss will
be limited by the quality factor of the transmission line and
non-zero switch resistance. The bandwidth of operation will
be limited by the dispersion characteristics of the transmission
4line, switch parasitic capacitance, and rise/fall time of the
modulation clocks. In the presence of a finite quality factor
in the transmission lines, signals incident at port 2 experience
more loss because they get transmitted after three passes when
compared to signals incident at port 1 which get transmitted
after one pass.
C. Doubly-balanced Configuration: Ultra-broadband Gyrator
Even though the balanced structure provides non-reciprocal
phase response over an infinite bandwidth, it behaves as a
gyrator only at discrete frequencies. In addition to this, in
a practical implementation, the transmission loss in forward
and reverse directions will be imbalanced. Another interesting
variant is a doubly-balanced non-reciprocal element, as shown
in Fig. 3(a), which exploits differential signaling for both
the modulation signal as well as the input signal. It consists
of a differential transmission line, with a characteristic
impedance equal to the differential port impedance, which
is sandwiched between two doubly-balanced switch sets
(often called Gilbert-quad mixers). A Gilbert-quad switch set
consists of four switches where two switches connect the
input and output directly when the modulation signal is high
and the other two switches (crisscrossed) swap the signal
polarity when the modulation signal is low. The switch sets
on the left and right of the transmission line are driven by
modulation signals LO1(t) and LO2(t) respectively. Similar
to the balanced case, the modulation signal of the right-hand
side switch, LO2(t), is delayed with respect to that of the
left-hand side switch, LO1(t), by a value Tm/4, which is
also the propagation delay of the transmission line.
In this configuration, signals travelling from left to right,
incident at port 1, get transmitted to port 2 without any sign
inversion in the first half cycle, and with two sign inversions
that cancel each other in the second half cycle. On the
other hand, signals travelling from right to left, incident at
port 2, get transmitted to port 1 with a sign inversion from the
left-hand-side mixer in the first half cycle and a sign inversion
from the right-hand-side mixer in the second half cycle. The
behavior of the structure can be expressed in the time domain
as shown in (7) and (8), where m(t) is the multiplication
factor due to the switching action of a quad-mixer, which is a
square wave signal between +1 and -1 with 50% duty cycle and
period of Tm. By taking Fourier transform of the time-domain
equations, the S-parameter matrix can be calculated as
S =
(
0 −e−jω Tm4
+e−jω
Tm
4 0
)
. (9)
As expected, this doubly-balanced structure also appears
LTI externally while being internally LPTV. Most importantly,
this structure describes an ideal gyrator over an infinite
bandwidth. Fig. 3(b) shows the S parameters around 25 GHz
for fm=8.33 GHz. Ideally, zero insertion loss and a perfect
non-reciprocal phase shift of pi are possible over infinite
bandwidth at arbitrarily small sizes through appropriate
increase of the modulation frequency. In practice, transmission
losses will be limited by the quality factor of the transmission
Fig. 3. Doubly-balanced ultra-broadband gyrator: (a) circuit diagram and
operation, and (b) scattering parameters for fm = 8.33 GHz.
lines and non-zero switch resistance, the bandwidth of
operation by the dispersion characteristics of the transmission
line, switch parasitic capacitance, and rise/fall times of
the modulation clock, and the size by the practicalities
of switching solid-state switches at increasing modulation
frequency and the associated power consumption. It should
also be mentioned that in the presence of losses, this structure
continues to behave as a perfect gyrator with symmetric losses,
because the phase non-reciprocity is achieved due to sign
inversion as opposed to path length differences.
D. Frequency-Domain Analysis of the Ultra-broadband
Gyrator
The ultra-broadband gyrator can be interpreted as a
transmission line sandwiched between two mixers, and can be
analyzed in the frequency domain. The multiplication factors
of the left-hand-side mixer and the right-hand-side mixer, m(t)
and m(t− Tm4 ), can be expressed in the frequency-domain as
shown in (10) and (11).
An input signal, ejωt traveling from left to right, after
passing through the left-hand-side mixer, will be multiplied
with the multiplication factor m(t), resulting in (12). From this
equation, we can see that the transmission line supports signals
at infinitely-many intermodulation frequencies, and therefore,
disperson-free operation of the line is critical. As can be
5v−1 (t) = m (t)× v+2
(
t− Tm
4
)
×m
(
t− Tm
2
)
= −v+2
(
t− Tm
4
)
(7)
v−2 (t) = m
(
t− Tm
4
)
× v+1
(
t− Tm
4
)
×m
(
t− Tm
4
)
= v+1
(
t− Tm
4
)
(8)
m(t) =
2
jpi
∞∑
n=1
1
2n− 1 (e
j(2n−1)ωmt − e−j(2n−1)ωmt) (10)
m(t− Tm
4
) =
2
jpi
∞∑
n=1
1
2n− 1 (e
−j (2n−1)pi
2 ej(2n−1)ωmt − ej (2n−1)pi2 e−j(2n−1)ωmt) (11)
v+1 (t)×m(t) =
2
jpi
∞∑
n=1
1
2n− 1 (e
j(ω+(2n−1)ωm)t − ej(ω−(2n−1)ωm)t) (12)
v+1 (t−
Tm
4
)×m(t− Tm
4
) =
2
jpi
e−jω
Tm
4
∞∑
n=1
1
2n− 1 (e
−j (2n−1)pi
2 ej(ω+(2n−1)ωm)t − ej (2n−1)pi2 ej(ω−(2n−1)ωm)t) (13)
v−2 (t) =
[
2
jpi
e−jω
Tm
4
∞∑
n=1
1
2n− 1 (e
−j (2n−1)pi
2 ej(ω+(2n−1)ωm)t − ej (2n−1)pi2 ej(ω−(2n−1)ωm)t)
]
×
 2
jpi
∞∑
p=1
1
2p− 1 (e
−j (2p−1)pi
2 ej(2p−1)ωmt − ej (2p−1)pi2 e−j(2p−1)ωmt)

=
−4
pi2
e−jω
Tm
4
∞∑
n=1
1
(2n− 1)2 (−e
j(ω+(2n−1)ωm−(2n−1)ωm)t − ej(ω−(2n−1)ωm+(2n−1)ωm)t)
=
8
pi2
e−jω
Tm
4 ejωt
∞∑
n=1
1
(2n− 1)2
= e−jω
Tm
4 ejωt
= e−jω
Tm
4 v+1 (t)
(14)
seen, the amplitude of higher-order intermodulation products
becomes progressively smaller, and therefore, dispersion at
frequencies further away from the operation frequency will
have a progressively smaller effect. A quantification of the
impact of transmission-line dispersion is given in Section
IV. This signal experiences a delay of Tm/4 through the
transmission line, at which point, it can be expressed as shown
in (13). This gets multiplied with the multiplication factor of
the right-hand-side mixer, resulting in the output signal shown
in (14). This agrees with the result from the time-domain
analysis in (8). At frequencies other than ω, due to cancellation
of the intermodulation products, the amplitude of the signal
becomes zero, making the structure appear externally LTI,
while being internally LPTV, as mentioned earlier. For a signal
travelling from right to left, the result in (7) can be obtained in
the frequency domain as well by following a similar approach.
III. AMPLITUDE NON-RECIPROCITY: ISOLATORS AND
CIRCULATORS
So far, we have discussed various topologies of
spatio-temporal conductivity-modulation that realize phase
non-reciprocity. In this section, we discuss topologies and
circuits exhibiting amplitude non-reciprocity, such as isolators
and circulators.
A. Frequency-conversion Isolator
An isolator is a two-port non-reciprocal component that
supports transmission in one direction but not in the reverse
direction. A frequency-conversion isolator can be realized
from the doubly-balanced phase-non-reciprocal element
by modifying the delay between the modulation signals
of the left-hand-side Gilbert-quad switch set, LO1(t), and
right-hand-side switch set, LO2(t), to a value Tm/8, which
is also the modified propagation delay of the differential
transmission line between the switch sets, as depicted in Fig. 4.
A signal travelling from left to right, incident differentially
at port 1, transmits to port 2 with no sign inversion in the
first half of the modulation cycle, and two inversions in
the second half of the cycle, similar to the doubly-balanced
phase-non-reciprocal element. A signal travelling from right
to left, incident differentially at port 2, will be transmitted
without sign inversion during the first and third quarter cycles.
However, during the second and fourth quarter cycles, the
signal will be transmitted with a sign inversion from the left
and right Gilbert-quad switch sets respectively, as depicted in
Fig. 4. Equivalently, the signal travelling from right to left will
be multiplied with a +1/− 1 square wave of 50% duty cycle
and 2ωm angular frequency, and gets up-/down-converted to
other frequencies (i.e., inter-modulation products), leading to
an isolation at the input frequency. The operation of this
structure can be expressed in the time domain as
v−1 (t) = m
(
t− Tm
4
)
× v+2
(
t− Tm
8
)
×m (t) (15)
6Fig. 4. Frequency-conversion isolator: (a) circuit diagram and operation, and
(b) fundamental-to-fundamental scattering parameters for fm = 8.33 GHz.
v−2 (t) = m
(
t− Tm
8
)
× v+1
(
t− Tm
8
)
×m
(
t− Tm
8
)
= v+1
(
t− Tm
8
) .
(16)
The fundamental-to-fundamental S-parameter matrix is
obtained by taking Fourier transform of the time-domain
equations:
S =
(
0 0
+e−jω
Tm
8 0
)
(17)
From (17), it can be seen that the power incident at port 2
at any input frequency gets translated to other frequencies,
while the power incident at port 1 is transmitted losslessly,
making it a frequency-conversion isolator that can operate
over an infinitely-wide range of operating frequencies. It
should be emphasized, however, that this configuration has
Fig. 5. Ultra-broadband dissipative isolator: (a) circuit diagram and operation,
and (b) scattering parameters for the case with fm = 8.33 GHz.
limitations when it comes to instantaneously wideband signals
at port 2. For signals with bandwidth greater 2ωm, the
frequency-translated signals will fall within the desired signal’s
bandwidth, compromising the isolation from port 2 to port 1.
Fig. 4(b) shows the fundamental-to-fundamental S parameters
around 25 GHz for fm=8.33 GHz.
B. Ultra-broadband Dissipative Isolator
Isolation through frequency conversion is often undesirable,
as isolators are typically used to protect sources and amplifiers
from back reflections. In such situations, it is desirable for
signals incident in the reverse direction to be dissipated
within the isolator. Indeed, such perfect isolation and matching
cannot be realized without the presence of loss in the
system [39]. An ultra-broadband dissipative isolator with
no frequency conversion can be realized by modifying the
balanced phase-non-reciprocal element by adding a pair of
parallel switches with a terminating resistor, of value equal to
the port impedance, at the left-hand-side switches. The new
pair of switches is modulated using the complementary clocks
of the left-hand-side switches, as shown in Fig. 5. For signals
7travelling from left to right, this structure behaves exactly like
the balanced phase-non-reciprocal element, imparting a delay
of Tm/4. However, for signals travelling from right to left,
after the first pass, instead of reflecting, the signals travel
through the newly-added switches and get dissipated in the
terminating resistor. The operation of the structure can be
expressed in the time domain as
v−1 (t) = 0, (18)
v−2 (t) = v
+
1
(
t− Tm
4
)
. (19)
By taking Fourier transform of the time-domain equations,
the S-parameter matrix can be calculated as
S =
(
0 0
+e−jω
Tm
4 0
)
. (20)
Theoretically, this structure appears externally-LTI, exhibits
lossless transmission in the forward direction, perfect isolation
in the reverse direction, and has infinite bandwidth (Fig.
5(b)). In practice, the loss and bandwidth are limited by
quality factor of transmission line, non-zero switch ON
resistance, dispersion of the transmission line, switch parasitic
capacitance, and non-idealities of the modulation clocks,
similar to the phase-non-reciprocal elements.
C. Ultra-broadband Circulator
The ultra-broadband dissipative isolator is actually a special
case of an ultra-broadband circulator whose third port has
been terminated to the reference impedance. In other words, a
circulator with infinite bandwidth can be realized by replacing
the terminating resistor in the ultra-broadband isolator by
a third port as shown in Fig. 6. For such a circulator,
it can be shown using time domain analysis that lossless
transmission happens from port 1 to port 2 , port 2 to port 3
and port 3 to port 1, and there will be a perfect isolation in the
reverse circulation direction. The S-parameter matrix for this
ultra-broadband circulator can be constructed as
S =
 0 0 e−jω
2Tm
4
e−jω
Tm
4 0 0
0 e−jω
Tm
4 0
 . (21)
As opposed to three switches in the signal path as in [32]
this structure has only two switches, enabling it to potentially
have superior insertion loss performance. In addition, this
structure needs only two transmission lines as opposed to six
transmission lines in [32], making it more compact and readily
implementable at RF frequencies. It is closely related to the
4-port circulator recently described in [33].
D. High-linearity Circulator
The ultra-broadband circulator features switches in the
signal path, which would limit the power handling of the
circulator, particularly in the TX-to-ANT path. Recently,
we demonstrated a circulator architecture with high power
Fig. 6. Ultra-broadband circulator: (a) circuit diagram, and (b) scattering
parameters for fm = 8.33 GHz.
handling by wrapping a 3λ/4 transmission line with a
characteristic impedance equal to the port impedance around
the gyrator component with ±90◦ non-reciprocal phase,
and placing ports λ/4 apart on the 3λ/4 transmission
line [29]–[31] (Fig. 7). For such a circulator, the S parameters
at the center frequency can be computed as
S =
 0 0 −1−j 0 0
0 −j 0
 (22)
The power handling at port 1 of the circulator (TX port)
can be improved significantly by placing the third port at the
gyrator element (l=0 in Fig. 7), as the isolation from port 1
to port 3 suppresses the voltage swing across the gyrator
[29]. In [29], a 750MHz circulator was demonstrated in
65nm CMOS using the N-path-filter-based gyrator discussed
earlier. In [30], [31], a differential circulator was realized
at 25GHz in 45nm SOI CMOS using the doubly-balanced
transmission-line based gyrator. In general, both single-ended
and differential circulators can be realized using the balanced
and doubly-balanced gyrator configurations (Figs. 7(a)
and (b)). The balanced configuration achieves gyrator
functionality at ω = (2n + 1)ωm. The doubly-balanced
8Fig. 7. Highly-linear circulators: (a) single-ended configuration leveraging
the balanced gyrator, and (b) differential configuration leveraging the
doubly-balanced gyrator. (c) Internal node voltage swings of both
configurations when l=0 for 1V TX port voltage at 25GHz.
configuration achieves a non-reciprocal phase of pi across
infinite bandwidth, but the need for ±90◦ phase once again
dictates ω = (2n + 1)ωm. In the 25GHz circulator in [30],
[31], the modulation frequency was one-third of the operating
frequency, which critically enabled scaling of the circulator
to millimeter-waves. An important point of difference is that
the internal gyrator nodes also experience suppressed voltage
swing for TX-port excitations in the differential configuration,
due to the fact that a pair of switches is always on, shorting
the internal nodes to the external nodes (Fig. 7(c)). This,
however, is not the case for the single-ended circulator
configuration that uses the balanced gyrator, limiting the TX
Fig. 8. Port 1-Port 3 isolation of the differential circulator featuring the
doubly-balanced gyrator and the single-ended circulator featuring the balanced
gyrator, depicted in Figs.7(a) and (b).
power handling enhancement. This can be restored by adding
a pair of parallel switches to ground at both the left-hand side
and right-hand side switches. The new pair of switches would
be modulated using the complementary clocks of the original
switches, making the nodes SBn2 and SBn3 quiet. However,
due to the additional switches, the power consumption of this
single-ended circulator would become equal to that of the
differential circulator, and so it is beneficial to implement the
differential configuration owing to its benefits of lower clock
feedthrough, and +3dB higher power handling.
Isolation from port 1 to port 3 is due to destructive
interference of signals from λ/2 reciprocal path and the
λ/4 transmission line and gyrator path. Perfect isolation
occurs at the center frequency where the signals from both
the paths are exactly out of phase. For frequencies off
center, the condition of destructive interference starts to fail
and isolation will be limited to a finite value. Hence, the
isolation bandwidth is dependent on the phase response of
the 3λ/4 ring and the non-reciprocal phase response of the
gyrator. The doubly-balanced gyrator exhibits a non-reciprocal
phase response of 180◦ over theoretically infinite bandwidth,
while the balanced phase-non-reciprocal element behaves as
a gyrator only at discrete frequencies, as discussed earlier.
Hence, as shown in Fig. 8, the 20dB isolation bandwidth of the
differential circulator featuring the doubly-balanced gyrator is
2.34× higher than that of the single-ended circulator featuring
the balanced gyrator.
IV. ANALYSIS OF INSERTION LOSS BASED ON VARIOUS
NON-IDEALITIES
In this section of the paper, we derive formulae for
estimating the transmission losses of the highly-linear
circulator architecture taking various non-idealities into
account using perturbation analysis. During implementation,
transmission lines of length comparable to the wavelength are
often miniaturized using lumped L-C components to reduce
9Fig. 9. (a) Equivalent circuit for loss estimation from port 1 to port 2. (b)
Equivalent circuit for loss estimation from port 2 to port 3.
the chip area and to absorb the parasitic capacitances of the
switches into the transmission lines. Hence, in our analysis,
it is assumed that the λ/4 transmission lines sections in the
3λ/4 ring were miniaturized using C-L-C sections. Various
non-idealities such as quality factor of the transmission
lines/inductors, non-zero switch resistance of the switches in
the gyrator element, rise/fall time of the modulation signals,
and the dispersion of the transmission line in the gyrator, limit
the insertion loss of the circulator. In this derivation, it has
been assumed that the effect of the non-idealities are small,
so that they do not degrade the matching of the gyrator element
and the isolation of the circulator substantially. The effect of
each non-ideality in the circulator is separately computed using
perturbation analysis, and the total loss of the circulator is
estimated by summing up the individual contributions.
While estimating the loss from port 1 to port 2 in the
circulator, port 3 can be shorted to ground due to the
port 1-to-port 3 isolation. As a result, the λ/4 section between
port 2 and port 3 will transform the short circuit to an open
circuit when seen from port 2 as will the the λ/4 section
between port 1 and gyrator when seen from port 1. Hence,
the circulator reduces to a λ/4 transmission line connecting
ports 1 and 2 as shown in Fig. 9(a). A similar equivalent circuit
for port 2-to-port 3 transmission is shown in Fig. 9(b).
A. Effect of Non-zero Switch Resistance, Rsw
A switch with non-zero ON resistance, Rsw, can be modeled
by an ideal switch with a series resistance, Rsw. Hence, a
gyrator with non-zero switch resistance can be modeled in
the manner depicted in Fig. 10(a). As before, port 3 of the
circulator can be shorted to ground when estimating the loss
Fig. 10. (a) Equivalent circuit for a gyrator with non-zero switch resistance.
(b) Equivalent circuit for loss estimation from port 1 to port 2 of the circulator
with non-zero switch resistance. (b)Equivalent circuit for loss estimation from
port 2 to port 3 of the circulator with non-zero switch resistance.
from port 1 to port 2, as depicted in Fig. 10(b). When one
of its ports is shorted to ground, the input impedance of the
gyrator shown in Fig. 10(a) at the other port is 2Rsw. This
2Rsw resistance will be transformed to Z20/2Rsw at port 1
as depicted in Fig. 10(b). Consequently, the transmission loss
from port 1 to port 2 can be written as
|S21| ≈ Z0
Z0 +Rsw
=
Qsw
Qsw + 1
. (23)
where Qsw, the equivalent quality factor of the switch, is
given by Z0/Rsw. Similarly, port 1 can be shorted to ground
while estimating transmission loss from port 2 to port 3. Using
similar arguments, the circulator can be reduced to the circuit
depicted in Fig. 10(c). Interestingly, the non-zero switch
resistance will have no effect on the transmisison loss from
port 2 to port 3 because the switch resistance is in series with
an open termination.
|S32| ≈ 1. (24)
B. Effect of the Quality Factor, Q1, of Inductor L1
Similar arguments can be made for the quality factor, Q1, of
inductor L1. Figs. 11 (a) and (b) depict the equivalent circuits
for S21 and S32 loss estimation. We have assumed that the
inductor losses are purely in the form of series resistance in
writing the equivalent parallel resistance as ωL1Q1 = Q1Z0.
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Fig. 11. Equivalent circuits for loss estimation of the circulator with finite
quality factor, Q1, in inductor L1: (a) port 1 to port 2, and (b) port 2 to port 3.
Fig. 12. (a) Equivalent circuit for loss estimation from port 1 to port 2 of the
circulator with inductor L2 of finite quality factor, Q2. (b)Equivalent circuit
for loss estimation from port 2 to port 3 of the circulator with inductor L2 of
finite quality factor, Q2.
Further, we have assumed that the capacitors used to lump the
transmission line are lossless. By analyzing these circuits, we
can write the transmission losses as
|S21| ≈ |
( 1Q1 − j)
(1 + 1Q1 ) +
j
Q1
| ≈ Q1
Q1 + 1
, (25)
|S32| ≈ 2Q1
2Q1 + 1
. (26)
C. Effect of the Quality Factor, Q2, of Inductor L2
Making similar arguments, the equivalent circuits in Fig. 12
enable loss estimation in the presence of finite quality factor
Q2 in inductor L2. By analyzing these circuits, we can write
the transmission losses as
|S21| ≈ 2Q2
2Q2 + 1
, (27)
|S32| ≈ |
( 1Q2 − j)
(1 + 1Q2 ) +
j
Q2
| ≈ Q2
Q2 + 1
. (28)
D. Effect of the Quality Factor, Q3, of Inductor L3
Similarly, the circulator with finite quality factor, Q3, in
inductor L3 can be reduced to a C-L-C section with a shunt
resistor, Q3Z0, at port 1 while estimating loss from port 1 to
port 2 and a C-L-C section with a shunt resistor, Q3Z0, at
Fig. 13. Filtering due to finite rise/fall time of the modulation signals.
port 3 while estimating loss from port 2 to port 3. By analyzing
these circuits, we can write the transmission losses as
|S21| ≈ 2Q3
2Q3 + 1
, (29)
|S32| ≈ 2Q3
2Q3 + 1
. (30)
E. Effect of the Rise/Fall Time of the Modulation Signal
In Section II-D, we have presented a frequency-domain of
the doubly-balanced ultra-broadband gyrator with the switch
sets viewed as mixers. We considered the modulation signals
to be perfect square waves with negligible rise/fall time, but
in a practical implementation, the rise/fall time (tr/tf ) can
be a significant portion of the time period, particularly for
high-frequency operation. For a trapezoidal modulation signal
with rise/fall time of tr = tf , the frequency content of
modulation signal will be limited to a cutoff frequency of
(0.35/tr)Hz. This will correspondingly establish an upper
limit on the frequency content of the multiplication factor,
m(t), as shown in Fig. 13. The value of this cutoff frequency
can be obtained from simulations. The effect of this cutoff
frequency in the multiplication factor is a limit to the
intermodulation products that are generated and travel down
the line, as depicted in Fig. 13, resulting in loss of signal
power. In our analysis, the filtering profile of this effect is
assumed to be a brick wall, and mathematically, this can be
expressed as a truncation in the higher frequency terms in
(10) - 14. For the example shown in Fig. 13, where the cutoff
frequency is between 3ωm and 5ωm, 14 can be modified as
v−2 (t) =
−4
pi2
e−jω
Tm
4 [(−ej(ω+ωm−ωm)t − ej(ω−ωm+ωm)t)
+
1
32
(−ej(ω+3ωm−3ωm)t − ej(ω−3ωm+3ωm)t)]
=
80
9pi2
e−jω
Tm
4 ejωt
=
80
9pi2
e−jω
Tm
4 v+1 (t)
≈ 0.9e−jω Tm4 v+1 (t).
(31)
Similarly, for the signal traveling from right to left, the
signal transmitted can be written as
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Fig. 14. Filtering of the inter-modulation products higher than the Bragg
Frequency.
v−1 (t) ≈ −0.9e−jω
Tm
4 v+1 (t). (32)
Assuming that the matching of the gyrator has not degraded
due to the finite rise and fall time, the S-parameter matrix of
the gyrator at the center frequency can be written as
S =
(
0 krise/falle
j pi2
krise/falle
−j pi2 0
)
(33)
where krise/fall is the attenuation factor due to the filtering
of higher inter-modulation products. For the example shown
in Fig. 13, krise/fall ≈ 0.9. Using the perturbation analysis
discussed before, the S-parameters of the circulator can be
expressed as
|S21| ≈
Qrise/fall
Qrise/fall + 1
, (34)
|S32| ≈
Qrise/fall
Qrise/fall + 1
, (35)
where Qrise/fall is an effective quality factor associated with
the filtering due to finite rise/fall time of the modulation
signals, and is given by 2(
1+k2rise/fall
1−k2
rise/fall
).
F. Effect of the Bragg Frequency of the Gyrator Transmission
Line
From the frequency-domain analysis, it is clear that the
transmission line(s) between the switches must be able
to support all the inter-modulation frequencies with the
same group delay for a perfect lossless gyrator. If the
transmission lines are miniaturized through a quasi-distributed
implementation consisting of periodic lumped-LC sections,
then the lines will have a cutoff frequency, after which
the periodic structure no longer supports a traveling wave.
This cutoff frequency is known as the Bragg frequency.
Inter-modulation products above the Bragg frequency will be
filtered and the signal power associated with them will be
lost as depicted in Fig. 14. Similar to effect of finite rise and
fall time of the modulation signal, the filtering profile due
to Bragg frequency is also assumed to be a brick wall. All
the inter-modulation terms with frequency above the Bragg
frequency should be truncated from (14), and an associated
attenuation factor, kBragg can be calculated. Assuming that
the matching of the gyrator has not degraded due to Bragg
frequency effects, the S-parameter matrix of the gyrator at the
center frequency can be written as
S =
(
0 kBragge
j pi2
kBragge
−j pi2 0
)
. (36)
From a similar perturbation analysis, the S-parameters of
the circulator can be expressed as
|S21| ≈ QBragg
QBragg + 1
(37)
|S32| ≈ QBragg
QBragg + 1
(38)
where QBragg is an effective quality factor associated with
the Bragg effect, and is given by 2(
1+k2Bragg
1−k2Bragg
).
Both finite rise/fall time and finite Bragg frequency
result in suppressing the higher frequency content of the
inter-modulation products. Hence, one has to be careful while
truncating the terms in (14) because the minimum of these
cutoff frequencies will define the actual cutoff frequency for
the inter-modulation products. In the final loss estimation,
to avoid repetition of the loss due to filtering of higher
modulation products, a general attenuation factor kfilter can
be calculated by truncating all the terms which are required to
be truncated from Bragg frequency effects and finite rise/fall
time effects. In general, for circulators operating at high
frequencies, finite rise/fall time effects will dominate, while
for circulators operating at lower frequencies, the need to
aggressively miniaturize the transmission lines will cause
Bragg frequency effects to dominate. For instance, in the
25GHz 45nm SOI CMOS circulator case study presented later
in this paper, truncation was limited by the rise/fall time of
the modulation signal, making kfilter = krise/fall.
G. Effect of the Quality Factor, QNR, of the Gyrator
Transmission Line
Due to ohmic losses, the signal attenuates exponentially
as it travels through the transmission line in the gyrator,
creating another loss mechanism. As mentioned earlier, all
inter-modulation products travel through the transmission line,
and the attenuation suffered by each inter-modulation product
is different because attenuation constant depends on frequency.
The attenuation suffered by a signal at a frequency ω as
it travels through the transmission line with a delay of
Tm/4 is e−
pi
4Q
ω
ωm , where Q is the quality factor of the
transmission line at ω. Due to the skin effect, ρ ∝ √ω,
where ρ is the resistivity of the metal. A general attenuation
factor can be written by taking the skin effect of the metal
into consideration as e−
(2n+1)pi
4QNR
√
ω
(2n+1)ωm , where QNR is
the quality factor of the transmission line at a frequency
ω = (2n+1)ωm. By modifying (13), the signal after traveling
through the transmission line can be expressed as shown
in (39). This signal gets multiplied with the multiplication
factor of the right-hand-side mixer. Similar to (14), the signal
voltage at the input frequency, ω, at the other port of the
gyrator can be written as shown in (40), where kQNR21 is
12
v+1 (t−
Tm
4
)×m(t− Tm
4
)
=
2
jpi
e−jω
Tm
4
∞∑
p=1
1
2p− 1 (e
−j (2p−1)pi
2 e
− (2n+1)pi
4QNR
√
ω+(2p−1)ωm
(2n+1)ωm ej(ω+(2p−1)ωm)t − ej (2p−1)pi2 e−
(2n+1)pi
4QNR
√
|ω−(2p−1)ωm|
(2n+1)ωm ej(ω−(2p−1)ωm)t)
(39)
v−2 (t) = e
−jω Tm
4 ejωt × 4
pi2
∞∑
p=1
1
(2p− 1)2 (e
− (2n+1)pi
4QNR
√
ω+(2p−1)ωm
(2n+1)ωm + e
− (2n+1)pi
4QNR
√
|ω−(2p−1)ωm|
(2n+1)ωm )
= e−jω
Tm
4 ejωtkQNR21
= e−jω
Tm
4 v+1 (t)kQNR21
(40)
the attenuation factor for signals traveling from left to right
due to the finite quality factor of the transmission line in
the gyrator. For a more accurate expression that includes
effects due to the finite Bragg frequency of the line and
finite rise and fall times in the modulation signals, the higher
inter-modulation terms in (40) should be truncated, and the
obtained (kQNR21 )truncated should be divided by kfilter,
i.e., kQNR21 = (kQNR21 )truncated/kfilter, so that kQNR21
isolates the effect of the tranmission-line’s finite quality factor.
Similarly, kQNR12 can be calculated for the signals traveling
from right to left.
For the balanced gyrator, kQNR12 and kQNR21 will be
different because the signals follow a different path for forward
and reverse directions, and the attenuation factor depends on
the length traversed. However, for the doubly-balanced gyrator,
these factors will be equal, since the phase non-reciprocity is
achieved due to sign inversion from the quad-mixer, rather
than path length differences. Assuming that the matching of
the gyrator has not degraded due to the quality factor of the
transmission line, the S-parameter matrix of the gyrator at the
center frequency can be written as
S =
(
0 kQNR12 e
j pi2
kQNR21 e
−j pi2 0
)
. (41)
From perturbation analysis, the S-parameters of the
circulator can be expressed as
|S21| ≈
QNReffec
QNReffec + 1
(42)
|S32| ≈
QNReffec
QNReffec + 1
(43)
where QNReffec is the effective quality factor associated with
the loss of the transmission line in the gyrator, and is given
by 2(
1+kQNR12
kQNR21
1−kQNR12 kQNR21
)).
H. Estimating Transmission Losses of the Circulator
Under the assumption that all the non-idealities are small,
the losses due to the individual effects can be added
when estimating the final loss of the circulator. Hence, the
transmission S-parameters of the circulator can be expressed
as
|S21| ≈ ( Q1Q1+1 )(
2Q2
2Q2+1
)( 2Q32Q3+1 )(
Qfilter
Qfilter+1
)(
QNReffec
QNReffec+1
)( QswQsw+1 )
(44)
|S32| ≈ ( 2Q12Q1+1 )(
Q2
Q2+1
)( 2Q32Q3+1 )(
Qfilter
Qfilter+1
)(
QNReffec
QNReffec+1
).
(45)
V. DISCRETE-COMPONENT-BASED CASE STUDIES
A. Balanced Arbitrary-Phase Non-Reciprocal Element
A balanced arbitrary-phase non-reciprocal element has been
implemented using coaxial cables and commercially-available
off-the-shelf switches as shown in Fig. 15. It consists of
a two 10m long 50Ω coaxial cables with a time delay
of 40.5ns and an insertion loss of 1dB. These cables are
sandwiched between two single-pole double-throw (SPDT)
switches which are modulated at 6.17MHz. In practice,
open-reflective switches with fast switching time are not
commercially available. Alternatively, we used short-reflective
switches from Minicircuits (model number ZFSW-2-46) with
a fast switching time of 2ns, to minimize the insertion
loss due to rise/fall time as discussed in Section IV. Using
a short-reflective switch does not change the principle of
operation of the structure. Signals traveling in the forward
direction do not see the short termination. However, signals
traveling in the reverse direction experience two reflections
from a short termination (Γ=-1) instead of two reflections
from an open termination (Γ=1). The two additional negative
signs cancel each other, and result in an output signal which
is equal to the open-reflective switch case. At 10MHz, the
switch has an insertion loss of 0.5dB in the on-state and
a reflection coefficient of 0.716 178◦ in the off-state. The
modulation signals are generated using arbitrary waveform
generators (model: Agilent 33500B) and have a rise/fall time
of 8.5ns.
The measured S-parameters between 0-50MHz are shown
in Fig. 16. A non-reciprocal phase of 180◦ has been observed
at 6.043MHz, 18.11MHz, 30.2MHz, etc. This shift in the
gyration frequency is due to the reflection co-efficient of
the off-state switch, which is 178◦ instead of 180◦. Since
the reverse traveling wave is reflected twice, a total of -4◦
phase shift is picked up by the signal. Due to this additional
phase shift, the structure behaves as a gyrator at slightly
lower frequencies, a similar effect to the observation in
[34]. At 10MHz, the transmission losses in forward and
reverse directions are -3.8dB and -17dB respectively. The
transmission losses in the reverse direction are higher due
to the additional loss mechanisms, including 3× loss of
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Fig. 15. Photograph of the balanced arbitrary-phase non-reciprocal element
assembly.
the transmission line due to reflections, non-unity reflection
co-efficient of the reflective-short switch in its off-state, and
destructive interference between the leaked signal to port-1
during off-state (due to imperfect clocking) and the actual
signal.
B. Ultra-broadband Dissipative Isolator
An ultra-broadband dissipative isolator has been
implemented by the replacing the left-side switch (SW-1)
in the balanced configuration setup with a commercially
available absorptive switch from Minicircuits (model number:
ZFSWA-2-46). The measured S-parameters between 0-50MHz
are shown in Fig. 17. At 10MHz, the transmission loss in the
forward direction is -3.5dB, and the isolation in the reverse
direction is 40dB over the entire frequency range.
VI. A 25GHZ 45NM SOI CMOS CIRCULATOR CASE
STUDY
A. Implementation Details
A differential circulator based on the doubly-balanced
gyrator was implemented at 25 GHz in 45nm SOI CMOS as
depicted in Fig. 18. Aside from achieving superior isolation
bandwidth due to the use of the doubly-balanced gyrator,
the fully-differential architecture reduces LO feedthrough and
enables 3 dB higher power handling at the expense of a
doubling in the power consumption. The quarter-wave sections
between ports 1 and 2, and 2 and 3, were implemented
using differential conductor-backed coplanar waveguides with
a Q of 15 at 25 GHz. The gyrator element was placed
symmetrically between port 1 and port 3 so that the parasitic
capacitances from the mixer switches could be absorbed into
the quasi-distributed transmission line in the gyrator and the
λ/8 C-L-C sections on either side. The transmission line in
the gyrator is a combination of four pi-type C-L-C sections,
with inductor Q of 20, and coplanar waveguides, with a Q
of 15, connecting the C-L-C sections. The overall quality
factor and Bragg frequency of the transmission line are 17
and 83.9 GHz respectively. The Bragg frequency was improved
by a factor of two because only a part of the quarter-period
delay required was obtained from the four C-L-C sections,
with the rest obtained from the coplanar waveguides used for
Fig. 16. Measured S-parameters of the balanced arbitrary-phase
non-reciprocal element: (a) magnitude, and (b) phase.
interconnects. An extra quadrature phase path was added in
the gyrator element to counter the loss degradation due to
duty-cycle impairments. The reader is directed to [40] for
additional details. The gilbert quad-mixers are designed using
2×16µm/40nm floating body transistors, achieving a Rsw of
8.66 Ω. The placement of the gyrator symmetrically between
port 1 and port 3 distributes the loss due to non-zero switch
ON resistance equally between S21 ans S32, as opposed to
(23) and (24). The new transmission losses due to non-zero
ON resistance can be expressed as
|S21| ≈ 2Qsw
2Qsw + 1
, (46)
|S32| ≈ 2Qsw
2Qsw + 1
, (47)
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Fig. 17. Measured S-parameters of the ultra-broadband dissipative isolator:
(a) magnitude, and (b) phase.
modifying the circulator transmission losses in (44) and (45)
to (48) and (49).
Fig. 19 shows the circuit diagram of the 8.33 GHz clock
path. A two stage poly-phase filter is used to generate the
8.33 GHz quadrature signals driving the mixer switches. After
the poly-phase filter, a three stage self-biased CMOS buffer
chain with inductive peaking in the final stage generates the
square wave clock signals with a rise/fall time of 7.5 ps for
the switches. Independently controlled NMOS varactors at the
differential LO inputs provide I/Q calibration of range ±10◦.
Interested readers can refer to [40] for more comprehensive
implementation details.
B. Comparison between Theory and Simulations
For this 25 GHz circulator, as mentioned earlier, Q1 and Q2
at 25 GHz are 15 each as the λ/4 sections were implemented
using coplanar waveguides, and Q3 at 25 GHz is 20 as it
Fig. 18. Circuit diagram of the implemented 25 GHz doubly-balanced
circulator
Fig. 19. Circuit diagram of the quadrature modulation signal generation
was implemented using C-L-C sections. Qsw is 5.77 as the
single-ended port impedance is 50 Ω and Rsw is 8.66 Ω. The
quality factor of the delay line in the gyrator, QNR at 25 GHz,
is 17. The Bragg Frequency is 76 GHz and the bandwidth
of the modulation signal, 0.35/tr, is 46.66 GHz. Hence, the
modulation signals are limited to their 5th harmonics, as
are the inter-modulation terms formed. kfilter can therefore
be calculated as shown in (50). From (50), Qfilter can
be calculated to be 14.4. Similarly, (kQNR)truncated can
be calculated as shown in (51). From (51), kQNR can be
calculated using (kQNR)truncated/kfilter. Hence QNReffec is
7.18. From (44) and (45), S21 and S32 are -2.66 dB each.
The transmission losses, S21 and S32, at the center frequency
from post-layout simulations assuming ideal baluns are -2.8 dB
each as shown in Fig. 21. Simulated transmission losses after
de-embedding the on-chip baluns are ≈3 dB. Therefore, the
simulation results show a close agreement with our analysis.
C. Measurements
The implemented circulator occupies an area of
1.2 mm×1.8 mm and Fig. 22 shows the die micrograph.
The circulator was implemented with on-chip baluns for
measurement purposes. The measurements were performed
through RF probing in a chip-on-board configuration, and the
baluns are de-embedded to obtain the circulator performance.
A 180◦ hybrid (Krytar 4010265) is used to generate the
differential (0◦/180◦) 8.33 GHz signals from a signal generator
to drive the clock inputs of the circulator. A two-port Anritsu
37397E Lightning VNA is used to measure the S-parameters
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|S21| ≈
(
Q1
Q1 + 1
)(
2Q2
2Q2 + 1
)(
2Q3
2Q3 + 1
)(
Qfilter
Qfilter + 1
)(
QNReffec
QNReffec + 1
)(
2Qsw
2Qsw + 1
)
. (48)
|S32| ≈
(
2Q1
2Q1 + 1
)(
Q2
Q2 + 1
)(
2Q3
2Q3 + 1
)(
Qfilter
Qfilter + 1
)(
QNReffec
QNReffec + 1
)(
2Qsw
2Qsw + 1
)
. (49)
kfiltere
−jωt =
−4
pi2
[(−ej(ω+ωm−ωm)t − ej(ω−ωm+ωm)t) + 1
32
(−ej(ω+3ωm−3ωm)t − ej(ω−3ωm+3ωm)t)]
+
1
52
(−ej(ω+5ωm−5ωm)t − ej(ω−5ωm+5ωm)t)]
= 0.933.
(50)
(kQNR )truncatede
−jωt =
−4
pi2
[(−e−
3pi
4QNR
√
ω+ωm
ωm ej(ω+ωm−ωm)t − e−
3pi
4QNR
√
|ω−ωm|
ωm ej(ω−ωm+ωm)t)
+
1
32
(−e−
3pi
4QNR
√
ω+3ωm
ωm ej(ω+3ωm−3ωm)t − e−
3pi
4QNR
√
|ω−3ωm|
ωm ej(ω−3ωm+3ωm)t)]
+
1
52
(−e−
3pi
4QNR
√
ω+5ωm
ωm ej(ω+5ωm−5ωm)t − e−
3pi
4QNR
√
|ω−5ωm|
ωm ej(ω−5ωm+5ωm)t)]
= 0.742.
(51)
Fig. 20. Calculated transmission losses, S21 and S32.
Fig. 21. Post-layout simulations results of transmission losses, S21 and S32,
and isolation S31 of the 25 GHz 45 nm SOI CMOS doubly-balanced circulator
Fig. 22. Die micrograph of the 25 GHz doubly-balanced circulator
implemented in the GF 45 nm SOI CMOS process.
by probing two ports at a time, while a millimeter-wave probe
terminated with a broadband 50 Ω termination is landed on
the third port (Fig. 23).
With the the circulator configured for clockwise circulation
with 8.33GHz modulation signals, the measured transmission
in clockwise direction, S21, S32 and S13, shown in Fig. 24,
are -3.3 dB, -3.2 dB and -8.7 dB, respectively, without any
port impedance tuning. The measured isolations in the reverse
direction, S12, S23 and S31, shown in Fig. 24, are -10.9 dB,
-9 dB and -18.9 dB, respectively, without any port impedance
tuning. The design of the circulator was optimized to give best
performance for S21, S32 and S31 because these (TX-ANT
loss, ANT-RX loss and TX-RX isolation) are the most critical
parameters in wireless applications.
Importantly, the measured insertion losses are close to
the post-layout simulations and the analytical calculations,
validating the ability of the analysis presented in this paper to
illuminate design trade-offs and provide accurate estimates of
performance. The measured isolation of -18.9 dB is limited by
the measurement setup. For all circulators, if the ANT port is
terminated with an imperfect impedance, the TX-RX isolation
will be limited to the return loss at the ANT port. Here, the
-18.9 dB isolation is limited by the reflection coefficient of
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Fig. 23. S-parameter measurement by probing two ports at a time, with a
broadband 50 Ω millimeter-wave probe termination on the third port.
Fig. 24. (a) Measured S-parameters between port 1 and port 2 when port 3 is
terminated with a 50 Ω termination. (b) Measured S-parameters between port
2 and port 3 when port 1 is terminated with a 50 Ω termination. (c) Measured
S-parameters between port 3 and port 1 when port 2 is terminated with a 50 Ω
termination.
the millimeter-wave probe and its broadband termination. In
general, and at millimeter-wave frequencies in particular, an
antenna tuner must be tightly integrated with the circulator to
obtain best TX-RX isolation.
VII. CONCLUSION
This paper presented various non-reciprocal structures
such as a frequency-conversion isolator, a broadband
isolator, gyrators, a broadband circulator, and highly-linear
single-ended and differential circulators, enabled by using
switch-based spatio-temporal conductivity modulation around
tranmission lines. The working principle of these structures
has been explained using time-domain analysis. In addition,
we have also provided a detailed analysis for estimating the
transmission losses by factoring in various non-idealities
encountered during implementation. We have shown that
the theoretically-estimated loss matches closely with our
simulation and measurement results. Such an analysis can aid
the designer in choosing between different implementation
technologies, fabrication processes, and non-reciprocal
element topologies, and in optimizing performance by
making better trade-offs.
Topics for future research include the discovery of new
topologies that further improve insertion loss, isolation
bandwidth, and linearity, the incorporation of antenna tuning
functionality into the circulator architecture, and investigation
and mitigation of the impact of clock phase noise on circulator
performance.
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